Using a sample of 1.31 × 10 9 J/ψ events collected with the BESIII detector, we report the first observation of spin polarization of Λ andΛ hyperons from the coherent production in the J/ψ → ΛΛ decay. We measure the phase between the hadronic form factors to be ∆Φ = (42.4 ± 0.6 ± 0.5)
Using a sample of 1.31 × 10 9 J/ψ events collected with the BESIII detector, we report the first observation of spin polarization of Λ andΛ hyperons from the coherent production in the J/ψ → ΛΛ decay. We measure the phase between the hadronic form factors to be ∆Φ = (42.4 ± 0.6 ± 0.5)
• . The decay parameters for Λ → pπ − (α−),Λ →pπ + (α+) andΛ →nπ 0 (ᾱ0) are measured to be α− = 0.750 ± 0.009 ± 0.004, α+ = −0.758 ± 0.010 ± 0.007 andᾱ0 = −0.692 ± 0.016 ± 0.006, respectively. The obtained value of α− is higher by (17 ± 3)% than the current world average. In addition, the CP asymmetry ACP = (α− + α+)/(α− − α+) of −0.006 ± 0.012 ± 0.007 is extracted with substantially improved precision. The ratioᾱ0/α+ = 0.913 ± 0.028 ± 0.012 is also measured. 
I. INTRODUCTION
The well-defined and simple initial state makes baryon-antibaryon pair production at an electronpositron collider an ideal system to test fundamental symmetries in the baryon sector, in particular when the probability of the process is enhanced by a resonance such as the J/ψ [1] . The spin orientations of the baryon and antibaryon are entangled and, for spin one-half baryons, the pair is produced either with the same or opposite helicities. The transition amplitudes to the respective spin states can acquire a relative phase due to the strong interaction in the final state, leading to a time-reversal-odd observable: a transverse spin polarization of the baryons [2, 3] . This effect has previously been neglected for the baryon pairs from J/ψ decays [4] , and there is no prediction for this polarization.
Here, we observe baryon polarization for the first time in an electron-positron reaction. The baryon
Kinematics of the reaction e + e − → J/ψ → ΛΛ in the overall center-of-mass system. The Λ particle is emitted in theẑ direction at an angle θΛ with respect to the e − direction, and theΛ is emitted in the opposite direction. The hyperons are polarized in the direction perpendicular to the reaction plane (ŷ). The hyperons are reconstructed, and the polarization is determined by measuring their decay products: (anti-)nucleons and pions. studied is the Λ hyperon, which decays via a parity non-conserving weak process. The Lambda polarisation is extracted from the angular distribution of its decay products; from this, the production phase is determined to be (42.4 ± 0.6 ± 0.5)
• . The observed polarization allows the simultaneous determination of the Λ andΛ decay asymmetries from the events, in which all decay products are measured. A sensitive CP symmetry test in the strange baryon sector is performed by directly comparing the asymmetry parameters for Λ → pπ − andΛ →pπ + . Of major importance is our result for the Λ → pπ − asymmetry parameter. Nearly all experiments making use of the Λ polarization (some examples are given in Refs. [5] [6] [7] [8] [9] [10] [11] [12] ) use this decay for reconstruction and the Λ → pπ − asymmetry parameter in the determination of the polarization. To determine the polarization from the product of the polarization and the asymmetry parameter, all these studies assume an asymmetry parameter of 0.642 ± 0.013, the worldaverage value established from results spanning 1963-75 [13] [14] [15] [16] [17] .
The principle of the measurement is illustrated in Fig. 1 . In the collision of an electron and positron, a J/ψ resonance is produced at rest in a single photon annihilation process, and it subsequently decays into a ΛΛ pair: e + e − → J/ψ → ΛΛ. The transition between the initial electron-positron pair and the final baryon-antibaryon pair includes helicity conserving and -flip amplitudes [18] [19] [20] [21] [22] . Since the electron mass is negligible in comparison to the J/ψ mass, the initial electron and positron helicities have to be opposite. This implies that the angular distribution and polarization of the produced Λ andΛ particles can be described uniquely by only two real parameters: α ψ -the J/ψ → ΛΛ angular distribution parameter, and ∆Φ -the phase between the two helicity amplitudes. The value of the parameter α ψ is well known [23] [24] [25] , but the phase ∆Φ has never been considered before. If ∆Φ = 0, the Λ andΛ will be polarized in the direction perpendicular to the production plane. The magnitude of the polarization depends on the angle (θ Λ ) between the Λ and the electron beam direction in the J/ψ rest frame (see Fig. 1 ).
The polarization of the weakly decaying particles, such as the Λ hyperons, can be determined using the angular distribution of the daughter particles. For example, for the Λ → pπ − decay, the Λ hyperon polarization vector, P Λ , is given by the angular distribution of the daughter protons via 1 4π (1 + α − P Λ ·n), wheren is the unit vector along the proton momentum in the Λ rest frame and α − is the asymmetry parameter of the decay [26] . The corresponding parameters α + forΛ →pπ + , α 0 for Λ → nπ 0 , and α 0 forΛ →nπ 0 are defined in the same way [27] . The joint angular distribution of J/ψ → ΛΛ (Λ → f andΛ →f , f = pπ − or nπ 0 ) depends on the Λ andΛ polarization and spin correlation of the ΛΛ pair via the α ψ and ∆Φ parameters. In particular, the joint angular distribution of the decay chain J/ψ → (Λ → pπ − )(Λ →pπ + ) can be expressed as [4] :
wheren 1 (n 2 ) is the unit vector in the direction of the nucleon (antinucleon) in the rest frame of Λ (Λ). The components of these vectors are expressed using a common (x,ŷ,ẑ) coordinate system with the orientation shown in Fig. 1 . Theẑ axis in the Λ and Λ rest frames is oriented along the Λ momentum p Λ in the J/ψ rest system. Theŷ axis is perpendicular to the reaction plane and oriented along the vector k − × p Λ , where k − is the electron beam momentum in the J/ψ rest system. The variable ξ denotes the tuple (θ Λ ,n 1 ,n 2 ), a set of kinematic variables which uniquely specify an event configuration. The terms multiplied by α − α + in Eq. (1) represent the contribution from ΛΛ spin correlations, while the terms multiplied by α − and α + separately represent the contribution from the polarization. The presence of all three contributions in Eq. (1) enables an unambiguous determination of the parameters α ψ and ∆Φ and the decay asymmetries α − , α + . IfΛ is reconstructed via itsnπ 0 decay, the parameters α ψ , ∆Φ and the decay asymmetries α − andᾱ 0 can be determined independently, since the corresponding angular distribution is obtained by replacing α + byᾱ 0 and interpretinĝ n 2 as the antineutron direction in Eq. (1).
II. ANALYSIS
The analysis is based on (1310.6 ± 7.0) × 10 6 J/ψ events [28] collected with the BESIII detector, which is described in detail in Ref. [29] . The Λ hyperons are reconstructed using their pπ − decays and theΛ hyperons using theirpπ + ornπ 0 decays. The event reconstruction and selection procedure are described in Appendix A. The resulting data samples are essentially background free, as shown in Figs. A.1 and A.2. A Monte Carlo (MC) simulation including all known J/ψ decays is used to determine the background contribution. The sizes of the final data samples are 420,593 and 47,009 events with an estimated background of 399 ± 20 and 66.0 ± 8.2 events for the pπ −p π + and pπ −n π 0 final states, respectively. For each event the full set of the kinematic variables ξ is reconstructed.
The free parameters describing the angular distributions for the two data sets -α ψ , ∆Φ, α − , α + , andᾱ 0 -are determined from a simultaneous unbinned maximum likelihood fit. In the fit, the likelihood function is constructed from the probability density function P(ξ for the pπ −p π + and pπ −n π 0 data sets, respectively. The final configuration of an event i is characterized by the vector ξ (i) , and W(ξ (i) ; α ψ , ∆Φ, α − , α 2 ) is given by Eq. (1). The normalization of the probability function, C(α ψ , ∆Φ, α − , α 2 ), is determined for each parameter set using a sum of the weights W(ξ (m) ; α ψ , ∆Φ, α − , α 2 ) for an ensemble ξ (m) of isotropically generated MC events (with W(ξ; 0, 0, 0, 0) ≡ 1). The generated events are propagated through a computer model of the BESIII detector and filtered using the same selection criteria as for the experimental data. The resulting global fit describes the multidimensional angular distributions very well as shown in Figs. A.3 and A.4. In a crosscheck the fit was applied to the two data sets separately and the obtained values of the parameters agree within statistical uncertainties as shown in Table A .1. The details of the fit as well the evaluation of the systematic uncertainties are discussed in Appendix A, and the contributions to the systematic uncertainty are listed in Table A .2.
III. RESULTS
A clear polarization, strongly dependent on the Λ direction, cos θ Λ , is observed for Λ andΛ. In Fig. 2 , the moment µ(cos θ Λ ) = (1/N )
2,y ), related to the polarization, is calculated in 50 bins in cos θ Λ . N is the total number of events in the data sample and N (θ Λ ) is the number of events in a cos θ Λ bin. In the limit of CP conservation, α − = −α + , while an approximate isospin symmetry leads to α + ≈ᾱ 0 [16, 30] , and the expected angular depen- dence is µ(cos θ Λ ) ∼ 1 − α 2 ψ α − sin ∆Φ cos θ Λ sin θ Λ for the acceptance corrected data (compare Eq. (1)). The phase between helicity flip and helicity conserving transitions is determined to be ∆Φ = (42.4 ± 0.6 ± 0.5)
• , where the first uncertainty is statistical and the second systematic. This large value of the phase enables a simultaneous determination of the decay asymmetry parameters for Λ → pπ − ,Λ →pπ + , andΛ →nπ 0 as given in Table I . The value of α − = 0.750 ± 0.009 ± 0.004 differs by more than five standard deviations from the commonly accepted world average value of α PDG − = 0.642 ± 0.013, based on elaborate experiments from 1963-75 [13] [14] [15] [16] [17] , where the daughter proton polarization was measured in a secondary scattering process. Our result means that all published measurements on Λ/Λ polarization, determined from the product of α − and the polarization, are (17 ± 3)% too large. The obtained value for the ratioᾱ 0 /α + is 3σ lower than unity, the value expected from the |∆I| = 1 2 rule for non-leptonic decays of strange particles [16, 31] , indicating the importance of radiative corrections [30, 32] . The α − and α + values determined in this Letter, together with the covariance matrix, enable a calculation of the CP odd observable A CP = (α − + α + )/(α − − α + ) = −0.006 ± 0.012 ± 0.007. This is the most sensitive test of CP violation for the Λ baryon with a substantially improved precision over previous measurements [9] (Table I) and using a novel, model independent method. The Cabibbo-KobayashiMaskawa (CKM) mechanism predicts an A CP value of ∼ 10 −4 [33] , while various extensions of the standard model predict larger value [34] , in an attempt to explain the observed baryon-antibaryon asymmetry in the universe. This new method for CP tests, when applied to the foreseen future larger data samples, can reach a precision level compatible with theory predictions, which in turn will give a clue about baryogenesis. Appendix A: Methods
ACKNOWLEDGMENTS

Monte Carlo simulation
The optimization of the event selection criteria and the estimation of backgrounds are based on Monte Carlo (MC) simulations. The geant4-based simulation software includes the geometry and the material description of the BESIII spectrometer, the detector response and the digitization models, as well as the data base of the running conditions and the detector performance. The production of the J/ψ resonance is simulated by the MC event generator kkmc [35] ; the known decays are generated by besevtgen [36, 37] with branching ratios set to the world average values [27] , and missing decays are generated by the lundcharm [38] model with optimized parameters [39] . Signal and background events are generated using helicity amplitudes. For the signal process, J/ψ → ΛΛ, the angular distribution of Eq. (1) is used. For the backgrounds, J/ψ → Σ 0Σ0 , Σ +Σ− and ΛΣ 0 + c.c decays, the helicity amplitudes are taken from Ref. [40] , and the angular distribution parameters are fixed to −0.24 [41] for J/ψ → Σ
0Σ0
and J/ψ → Σ +Σ− , and to 0.38 [42] for J/ψ → ΛΣ 0 + c.c.
Selection Criteria
Charged tracks detected in the Main Drift Chamber (MDC) must satisfy |cosθ| < 0.93, where θ is the polar angle with respect to the beam direction. There are no particle identification requirements for the tracks. Showers in the Electromagnetic Calorimeter (EMC), not associated with any charged track, are identified as photon candidates if they fulfill the following requirements: the deposited energy is required to be larger than 25 MeV and 50 MeV for clusters reconstructed in the barrel (|cosθ| < 0.8) and end cap (0.86 < |cosθ| < 0.92), respectively. In order to suppress electronic noise and showers unrelated to the event, the EMC time difference from the event start time is required to be within [0, 700] ns. To remove showers originating from charged particles, the angle between the shower position and charged tracks extrapolated to the EMC must be greater than 10 degrees.
+ Events with at least four charged tracks are selected. Fits of the Λ andΛ vertices are performed using all pairs of positive and negative charged tracks. There should be at least one ΛΛ pair in an event. If more than one set of ΛΛ pairs is found, the one with the smallest value of (
, where M Λ is the nominal Λ(Λ) mass, is retained for further analysis. A four constraint kinematic fit imposing energy-momentum conservation (4C-fit) is performed with the Λ → pπ − andΛ →pπ + hypothesis, and events with χ 2 < 60 are retained. The invariant masses of pπ − andpπ + are required to be within
2 . The pπ − andpπ + invariant mass spectra and the selection windows are shown in Fig. A.1 .
Events with at least two charged tracks and at least three showers are selected. Two showers, consistent with being photons, are used to reconstruct the π 0 candidates, and the invariant mass of the pair is required to be in the interval [0.12, 0.15] GeV/c 2 . To improve the momentum resolution, a mass-constrained fit to the π 0 nominal mass is applied to the photon pairs, and the resulting energy and momentum of the π 0 are used for further analysis. Candidates for Λ are formed by combining two oppositely charged tracks into the final states pπ − . The two daughter tracks are constrained to originate from a common decay vertex by requiring the χ 2 of the vertex fit to be less than 100. To identify an shower, the deposited energy in the EMC is required to be larger than 350 MeV, and the second moment of the cluster is required to be larger than 20. The moment is defined as i E i r 2 i / i E i , where E i is the deposited energy in the i-th crystal, and r i is the radial distance of the crystal i from the cluster center. To select the J/ψ → Λ(pπ − )Λ(nπ 0 ) candidate events, a one-constraint (1C) kinematic fit is performed, where 
in the rest frame of J/ψ, and En = | Pn| 2 + M 2 n (with M n the nominal neutron mass). The signal regions are defined as |Mn π 0 − M Λ | < 23 MeV/c 2 and |M
2 as shown in Fig. A.2 . c. Background analysis The potential backgrounds are studied using the inclusive MC sample for J/ψ decays. After applying the same selection criteria as for the signal, the main backgrounds for thē Λ →pπ + final state are from J/ψ → γΛΛ, ΛΣ 0 +c.c., Σ 0Σ0 , ∆ ++p π − + c.c., ∆ ++∆−− , and pπ −p π + decays. Decays of J/ψ → ΛΣ 0 + c.c. and Σ 0Σ0 are generated using the helicity amplitudes and include subsequent Λ andΛ decays. The remaining decay modes are generated according to the phase space model, and the contribution is shown in Fig. A.1 . For theΛ →nπ 0 final state, the dominant background processes are from the decay modes J/ψ → γΛΛ, ΛΣ 0 + c.c.,
. Exclusive MC samples for these backgrounds are generated and used to estimate the background contamination shown in Fig. A.2. 
The global fit
Based on the joint angular distribution shown in Eq. (1), a simultaneous fit is performed to the two data sets according to the decay modes:
There are three common parameters, α ψ , ∆Φ and α − , and two separate parameters α + andᾱ 0 for thē Λ decays topπ + andnπ 0 , respectively. For data set I, the joint likelihood function is defined as [40] : except for its calculation with different parameters and data set. To determine the parameters, we use the package MINUIT from the CERN library [43] to minimize the function defined as: bg. are the likelihood functions for the two data sets and the background events, respectively. The results of the separate fits for the two data sets are given in Table A.1. We compare the fit with the data using moments T i (i = 1, ..., 5) directly related to the terms in Eq. (1). The moments are explicitly given by
2,x ),
2,y , Table A. 1. Based on these parameters, the observablesᾱ 0 /α + and A CP = (α − + α + )/(α − − α + ) are calculated, and their statistical uncertainties are evaluated taking into account correlation coefficients ρ(α + , α 0 ) = 0.42 and ρ(α + , α − ) = 0.82, respectively. As a cross check, separate fits to data sets I and II are performed, and results are consistent with the simultaneous fit within statistical uncertainties, as given in Table A. 1. 
Systematic uncertainty
The systematic uncertainties can be divided into two categories. The first category is from the event selection, including the uncertainties on MDC tracking efficiency, the kinematic fit, π 0 andn efficiencies, Λ andΛ reconstruction, background estimations, and the Λ,Λ and M Recoiling Λπ 0 mass window requirements. The second category includes uncertainties associated with the fit procedure.
1. The uncertainty due to the efficiency of the charged particles tracking has been investigated with J/ψ → ΛΛ → pπ −p π + control samples [44] , taking into consideration the correlation between the magnitude of charged particle momentum and its polar angle acceptances. Corrections are made based on the 2-dimensional distribution of momentum versus polar angle. The difference between the fit results with and without the tracking correction is taken as a systematic uncertainty.
2. The uncertainty due to the π 0 reconstruction is estimated from the difference between data and MC simulation using a J/ψ → π + π − π 0 control sample. The uncertainty due ton shower requirement is estimated with a J/ψ → pπ −n control sample, and the correction factors between data and MC simulations are determined. The differences in the fit results with and without corrections to the efficiencies of the π 0 and n reconstructions are taken as systematic uncertainties.
3. The systematic uncertainties for the determination of the physics parameters in the fits due to the Λ andΛ vertex reconstructions are found to be negligible. expressed using spherical coordinates. The fit to data with the corrected MC sample yields α ψ =0.462 ± 0.006, α − = 0.749 ± 0.009, α + = −0.752 ± 0.009, andᾱ 0 = −0.688 ± 0.017. The differences between the fit with corrections and the nominal fit are considered as the systematic uncertainties. For α ψ , the difference between the fit results with and without this correction is negligible.
5. The uncertainty due to the fit method is estimated with MC simulations. The differences between the input and output values on the physical parameters are taken as the systematic uncertainties.
6. The systematic uncertainty caused by the background estimation is studied by fitting the data with and without considering background subtraction. The differences on the parameters are taken as the systematic uncertainties. The contamination rate of background events in this analysis is less than 0.1% according to the full MC simulations, and the uncertainty due to Relative systematic uncertainties (%) for the measurements of parameters α J/ψ , α−, α+,ᾱ0 and ∆Φ. Uncertainties due to the Λ/Λ vertex and backgrounds are ignored. background estimation is negligible.
The total systematic uncertainty for the parameters is obtained by summing the individual systematic uncertainties in quadrature, and is summarized in Table A.2. 
